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ABSTRACT 

The  Initial  processing  and  analysis  of  radar  backscatter  data, 
recorded  off  the  coast  of  San  Juan,  Puerto  Rico,  in  July  1965,  have 
been  completed.  This  data  constituted  part  of  a  study  conducted 
in  conjunction  with  the  Applied  Physics  Laboratory  (APL)  of  Johns 
Hopkins  University  to  determine  the  scattering  mechanism  involved 
in  the  generation  of  sea  clutter.  The  NRL  WV- 2  instrumented  air¬ 
craft  with  its  four-frequency,  pulsed  radar  system  and  a  surface 
vesse1  “quipped  ?.«d  staffed  by  APL  to  gather  sea-surface  data  in  the 
form  of  stereophotographs  and  wave- buoy  measurements  were  used 
in  this  experiment. 

Radar  returns  were  collected  nearly  simultaneously  on  four  fre¬ 
quencies:  428  MHz,  1228  MHz,  4455  MHz,  8910  MHz,  for  both 
linear  and  cross  polarizations.  The  data  were  processed  to  obtain 
the  normalized  radar  cross  section  a0  of  the  sea  surface  as  a  func¬ 
tion  of  various  parameters.  In  particular,  the  behavior  of  the 
median  value  of  the  cross  section  o„  was  investigated  as  a  function 
of  wind  direction,  incident  angle,  polarization,  radar  wavelength, 
and  gross  surface  conditions  of  wind  velocity  and  wave  height.  Re¬ 
sults  are  given  for  the  upwind  direction  and  the  linear  polarization 
(vertical  and  horizontal).  The  polarization  ratio  is  shown  to  decrease 
with  increasing  sea  roughness  and  to  be  a  function  of  radar  wave¬ 
length.  As  surface  roughness  Increases,  crg  becomes  Independent 
of  wavelength  for  vertical  polarization  but  maintains  an  inverse  wave¬ 
length  dependence  for  horizontal  polarization.  The  results  given  pro¬ 
vide  estimates  of  <r0  as  a  function  of  the  above  parameters  over  an 
angular  range  of  4  ty  50  degrees  (vertical  incidence)  and  from  calm 
sea  conditions  to  moderately  rough  conditions  characterized  by  5-  to 
7-foot  wave  heights  and  10-  to  20-knot  winds. 


PROBLEM  STATUS 

This  is  an  interim  report  on  this  problem. 

AUTHORIZATION 

NRL  Problem  R02-37 
Project  A31  - 533/652/ 69R008-01-020 
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SEA-CLUTTER  MEASUREMENTS  ON  FOUR  FREQUENCIES 


INTRODUCTION 

A  quantitative  description  o f  radar  sea  clutter  has  long  been  sought,  first,  by  the 
radar  designer  who  must  predict  system  performance  in  terms  of  detection  probabilities 
of  targets  in  a  clutter  background  and,  second,  by  the  oceanographer  who  would  like  to 
estimate  surface  characteristics  from  the  radar  return,  hi  the  first  case,  the  designer 
would  reduce  the  effect  of  clutter  on  the  target  return.  In  the  second  case,  the  clutter 
itself  is  wanted  as  an  indicator  of  the  environment  In  both  cases,  a  useful  measurement 
is  the  absolute  magnitude  of  the  clutter  power,  as  expressed  by  the  normalized  radar 
cross  section  cr„  introduced  by  Goldstein  (1).  The  parameter  o0  is  a  dimensionless 
quantity,  which  may  be  made  relatively  independent  of  the  measuring  system.  To  date, 
many  measurements  of  o0  or  an  equivalent  quantity  have  been  made  with  various  radar 
systems  over  a  wide  range  of  sea  conditions  (2).  A  study  of  the  literature  will  show 
that,  despite  extensive  investigations,  comparisons  of  o0  values  obtained  from  different 
experimenters  result  in  inconsistencies.  These  inconsistencies  are  mainly  the  result 
of  difficulties  involved  in  die  comparison  of  data  taken  with  different  systems  and  cali¬ 
bration  techniques  for  different  surface  conditions. 

In  the  past,  sea-clutter  data  have  been  obtained  at  various  radar  wavelengths  by 
using  individual  radar  systems,  each  requiring  a  separate  calibration.  Furthermore, 
each  system  has  employed  a  specific  sampling  and  integrating  device  (e.  g. ,  a  range 
gate  of  fixed  width  or  an  automatic  gain  control  (AGC)  loop)  and  recorded  its  output  by 
various  means  (e.  g. ,  film,  strip  chart,  or  magnetic  tape).  The  combined  effect  of  the 
sampling-integrating -recording  procedure  on  the  power  return  differs  considerably 
among  various  systems.  Thus,  "mean"  values  of  o0  obtained  from  one  system  may 
not  necessarily  be  directly  comparable  to  "mean"  values  obtained  from  another  (3). 

The  specification  of  the  sea  surface  is  also  a  formidable  problem.  Sea  clutter 
is  generally  a  function  of  surface  wind  velocity  and  wa7e  height,  which  are  both  time- 
dependent  variables.  The  specification  of  these  variables,  even  as  gross  averages, 
requires  considerable  effort,  particularly  in  the  case  of  an  airborne  radcr  measurement 
over  the  open  sea.  Sine  3  wind  velocity  is  subject  to  radical  changes  within  a  relatively 
short  period  of  time,  it  is  important  to  obtain  a  record  of  its  variation  during  a  radar 
recording  period.  On  Bite  estimates  of  the  prevailing  winds  and  wave  heights  during  a 
clutter  measurement  are  a  minimum  requirement  in  regard  to  surface  specification. 

This  information  is  necessary  to  insure  that  clutter  data  taken  at  different  times  do 
indeed  apply  to  similar  sea-surface  conditions.  An  experiment  designed  to  measure 
the  effect  of  incident  angle,  radar  wavelength,  and  polarization  on  the  value  of  <jQ  must 
also  specify  the  gross  surface  conditions  during  the  operating  period. 

From  July  13,  1965,  to  July  29,  1965,  NRL,  in  conjunction  with  the  Applied  Physics 
Laboratory  (APL)  of  Johns  Hopkins  University,  conducted  an  extensive  sea -clutter 
measurement  program  off  the  coast  of  Puerto  Rico.  This  location  was  selected  to  ob¬ 
tain  data  for  a  wide  variety  of  sea  conditions.  R  is  believed  that  this  experiment  suc¬ 
ceeded  in  monitoring  the  factors  discussed  above  to  a  greater  extent  Qian  any  previous 
experiment  performed  by  NRL,  7  i  NRL  WV -2  instrumented  aircraft  and  the  vessel 
Peacock  instrumented  by  ATL  were  used  in  this  experiment.  The  NRL  4m  system 
operates  on  four  frequencies  and  alternate  vertical  and  horizontal  polarization.  A 
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common  receiving  system  for  each  polarization  provides  virtually  simultaneous  data  on 
lour  wavelengths,  which  are  calibrated  in  flight.  A  high  sampling  rate  coupled  with 
magnetic  tape  recording  produces  a  permanent  pulse -to -pulse  record  of  the  sea  return. 
Later,  effective  integration  Is  accomplished  through  in -house  digital  computer  facilities. 
The  experiment  was  conducted  In  the  following  manner:  While  the  airborne  radar  re¬ 
corded  sea  clutter  over  an  area  marked  by  the  position  of  the  oceanographic  vessel, 
the  APL  group  gathered  sea-surface  data  in  the  form  of  stereophotographs,  wave-buoy 
measurements,  and  wind-velocity  readings.  The  vessel  was  used  as  one  terminal  of 
the  aircraft  flight  path  to  provide  a  reference  for  the  radar  data.  The  radar  data  could 
then  be  correlated  with  the  daily  gross  variations  of  local  wind  velocity  and  wave  height, 
hi  addition  to  the  gross  measurements,  APL  obtained  fine -structure  surface  information 
in  the  form  of  ocean  wave  spectra  and  wave  profiles  (4, 5).  Theoretical  work  on  the 
measurement  of  ocean  wave  spectra  by  a  holographic  technique  is  also  continuing  at 
HRL(fl,7X 

The  sea-surface  data  collected  by  APL  enabled  compilations  to  be  made  which  com¬ 
pare  the  values  of  <?„  obtained  at  different  polarizations,  radar  wavelengths,  and  incident 
angles  for  equivalent  sea  conditions.  The  correlation  of  the  NRL  radar  results  with  the 
ground  truth  obtained  by  APL  provides  a  large  bank  of  information  on  the  behavior  of  the 
normalized  radar  cross  section  <r0  from  which  both  the  radar  designer  and  the  ocean¬ 
ographer  may  work. 


INSTRUMENTATION 

The  4FR  pulsed  radar  and  its  antenna  system  have  been  described  in  previous  re¬ 
ports  (8, 9),  so  that  only  a  brief  description  need  be  given  here.  The  system  transmits 
in  the  sequence  P  band  (428  MHz),  X  band  (8910  MHz),  L  band  (1228  MHz),  and  C  band 
(4455  MHz),  alternately  on  vertical  and  horizontal  polarization,  receiving  both  the 
vertical  and  horizontal  component  of  the  return.  The  transmission  and  reception  se¬ 
quences  are  diagrammed  in  Fig,  1,  where  T  equals  the  basic  repetition  period,  a  is 
seen  that  a  total  of  16  signal  amplitude  components  are  recorded  -  eight  on  direct  polar  - 
Hattons  and  eight  on  the  cross  polarizations.  The  labeling  convention  as  shown  in  Fig.  1 
(PM ,  etc.)  will  be  adhered  to  in  this  report. 


4fR  TRANSMISSION  SEQUENCE 


IjyULOJLJLJL 

IOUOUOUOUL 


4FR  RECEPTION  SEQUENCE 


Fi«.  1  -  Pulse  train 
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A  simplified  block  diagram  of  the  receiving  system  Is  shown  in  Fig.  2.  The  re¬ 
ceiving  system  consists  of  four  i-f  amplifiers  (37  MHz)  through  which  all  the  radars  are 
multiplexed  on  a  time-share  bar-is.  Two  of  the  amplifiers  are  fed  by  the  horizontally 
polarized  signal,  and  two  are  fed  by  the  vertically  polarized  signal.  One  of  these  is  a 
logarithmic  strip  whose  output  is  detected  square  law  and  provides  a  pulse -to -pulse 
measure  of  the  amplitude  in  the  range  gate.  The  second  of  these  is  a  linear  strip  whose 
output  is  hard  clipped  to  eliminate  amplitude  fluctuations  and  provides  a  measure  of 
instantaneous  signal  phase.  A  similar  log-lin  pair  of  receivers  exists  for  the  vertically 
polarized  returns.  The  output  of  each  detector  is  range  gated,  digitally  quantized  to  128 
levels  (seven  bits)  and  recorded  on  magnetic  tape  at  the  pulse  repetition  rate.  Format¬ 
ting  circuitry  separates  the  various  '  aquency  and  polarization  combinations  and  assigns 
to  each  a  definite  position  to  allow  1. .  ,r  identification. 


Fig.  2  -  Four -frequency  receiving  system 


The  system  also  features  common  antennas  pointing  through  100  degrees  of  eleva¬ 
tion.  The  X-band  and  C-band  antennas  are  parabolas  mounted  side  by  side  In  the  radome 
cm  the  underside  of  the  aircraft.  This  pair  is  mounted  back  to  back  with  the  P-band  and 
L-band  crossed  dipole  antennas.  Both  antenna  pairs  are  colinear,  so  that  the  X  and  C 
band  illuminate  the  same  area,  and,  likewise,  die  P  and  L  band  illuminate  the  same  area, 
although  the  P-band  beam  is  larger  and  actually  includes  the  area  illuminated  by  the 
L-band  beam.  The  antennas  are  stabilized  in  roll  and  pitch  and  can  sector  scan  through 
315  degrees  of  azimuth  and  can  turn  through  100  degrees  of  elevation.  The  electrical 
characteristics  of  the  antenna  and  the  principal  parameters  of  the  radar  system  are 
given  in  Table  1.  The  4FR  system  allows  many  choices  of  prf,  pulse  length,  i-f  band¬ 
width,  range-gate  width,  and  antenna  angle.  The  values  used  for  these  parameters 
during  the  July  program  were  prf,  788  pps;  pulse  length,  0. 25  usee;  i-f  bandwidth,  10 
MHz;  range  gate  width,  50  nsec;  antenna  elevation  angle,  4  to  9  degrees  (vertical  inci¬ 
dence);  and  antenna  azimuth  angle,  0  to  180  degrees. 

The  received  clutter  power  is  absolutely  calibrated  by  referencing  it  to  the  power 
returned  from  aluminum  spheres  dropped  from  the  aircraft  The  spheres  are  dropped 
singly  and  manually  tracked  by  the  radar.  Good  estimates  of  the  sphere  cross  section 
are  obtained  by  recording  the  backscatter  from  several  spheres  for  each  wavelength. 

Since  die  antenna  pairs  are  concentric,  the  X-band  and  C-b&nd  wavelengths  are  cali¬ 
brated  simultaneously,  and,  likewise,  the  L-band  and  P-band  wavelengths  are  calibrated 
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simultaneously.  Applying  the  usual  radar  equation  to  the  sphere  signal  (1),  where  the 
subscript  S  denotes  the  sphere  measurement,  gives 


<*a 


V*)3 


G2*?  P„ 


(1) 


In  the  case  of  sea  clutter,  the  normalized  radar  cross  section  is  defined  by 

where  Alaitw  illuminated  area.  Then  the  radar  equation  for  clutter  becomes 

4 

O0  a  -  R  A. 

0  gV  Pr 


The  ratio  of  Eq.  3  to  Eq.  2  yields 


*  If 


ff0  *  P«  R $ 


q*A, 


(2) 

(3) 

(4) 


where  the  peak  power  transmitted  is  the  same  for  both  measurements.  From  Eq.  4 
the  value  of  o0  is  easily  calculated  for  a  recorded  value  of  received  power  P,  at  a  known 
range  R.  The  sphere  terms  in  Eq.  4  are  determined  by  the  in-flight  measurement,  and 
the  illuminated  area  A  is  calculated  from  the  geometry  of  the  data  run.  At  small  inci¬ 
dent  angles  the  are?  is  pulse-length  limited  and  is  approximated  by 

A  =  R*.  |  CT/cose,  _  (5) 

where  0,  is  die  azimuth  beamwtdth  between  half  power  pdints,  T  is  the  pulse  length,  and 
6  the  incident  angle.  At  large  angles  when  the  area  is  beamwidtli  limited,  it  is  approxi¬ 
mated  by 


A  =  R3  0.0,/sin  0, 


(8) 


where  0.  is  the  elevation  beamwidth  between  half -power  points. 


DATA  COLLECTION  AND  PROCESSING 

A  characteristic  property  at  sea  clutter  is  die  variation  of  the  radar  cross  section 
RCS  with  the  incident  angle.  To  measure  this  variation,  the  following  flight  plan  was 
used.  The  aircraft  maintained  a  steady  course  in  alternate  upwind,  downwind,  and  cross- 
wind  directions,  using  the  surface  vessel  employed  by  the  APL  group  as  a  marker  to  in¬ 
sure  that  radar  data  were  collected  from  the  area  of  oceanographic  measurement  The 
antenna  pairs  were  set  at  azimuths  of  0  and  180  degrees,  respectively,  and  the  desired 
elevation  angle.  When  the  appropriate  aircraft  heading  was  attained,  with  respect  to 
the  Peacock,  data  recording  commenced.  The  geometry  of  a  typical  recording  is  illus¬ 
trated  in  Fig.  3.  Generally,  recording  was  done  at  three  or  four  different  elevation 
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Fig.  3  -  Geometry  of  a  flred-anglt  run 

angle*  during  am  run  for  about  90  second*  per  angle.  Thus,  it  was  possible  to  collect 
a  representative  sampling  at  clutter  at  various  Incident  angles  from  near  grazing  (4 
degrees)  to  normal  incidence  (90  degrees)  in  tits  upwind,  downwind,  and  crosswind 
directions  efficiently. 

Since  radar  clutter  is  a  statistical  process,  the  random  return  is  best  described  by 
its  probability  distribution.  The  calculation  of  the  distribution  is  accomplished  through 
the  use  of  a  general  purpose  digital  computer  with  magnetic  tape  input  and  plotter  out¬ 
put  The  basic  outputs  of  the  processing  system  are  plots  at  received  power  (in  decibels) 
versus  time,  in  terms  of  the  10%,  50%  (median),  and  90%  percentiles  of  successive 
cumulative  probability  distributions.  A  typical  plot  is  illustrated  in  Fig.  4,  for  one 
(Xw)  of  the  16  amplitude  components  ordinarily  recorded  during  each  run.  The  data 
are  initially  plotted  against  an  arbitrary  decibel  scale  on  the  left.  This  scale  is  cali¬ 
brated  by  the  sphere  measurement  to  provide  the  valuta  cf  normalised  cross  section 
Og.  The  return  is  referenced  to  the  oceanographic  data,  since  the  position  of  the 
Peacock  is  marked  by  the  sharp  incrwise  in  signal  toward  the  end  of  the  run.  To  study 
<re  as  a  function  of  other  parameter!,  the  median  value  of  o„  was  determined  from  plots, 
such  as  Fig.  4,  through  the  region  at  interest,  usually  near  the  surface  vessel.  These 
values  were  tabulated  on  all  frequencies  and  polarizations  for  each  data  run,  and  the 
median  value  at  o0  observed  over  a  20-  to  30-eccond  time  Interval.  Over  200  data  runs 
were  recorded  during  the  July  1965  period,  with  from  one  to  six  angle  settings  per  run. 
With  16  signal  amplitude  components  available  for  processing,  a  vast  amount  of  data 
has  been  generated.  To  keep  this  report  within  manageable  proportions,  only  data  on 
the  direct  polarizations  (i.  e. ,  W  and  HH)  will  be  presented  below.  Cross -polarized 
results  will  be  presented  in  a  later  report, 


DATA  PRESENTATION 

The  study  of  these  data  revealed  the  expected  variation  In  ag  with  wind  direction 
at  moderate  angles,  as  well  as  run-to-run  differences  for  o0  in  the  same  direction. 
While  small  run-to-run  differences  may  be  attributed  to  receiver  stability,  larger 
effects  were  due  to  the  nonatatlonary  nature  of  the  sea  surface.  In  particular,  the 
short  wavelengths  (X  and  C  bands)  were  most  sensitive  to  upwind-downwind-crosswind 
relations  and  to  short-term  fluctuations  in  the  wind  velocity.  To  minimize  these 
effects,  the  runs  in  the  upwind  direction  were  selected  and  the  value  of  a0  tabulated, 
when  available,  at  each  ingle.  These  values  were  those  most  closely  associated  with 
the  gross  surface  condi'  Ions  observed  for  any  particular  day.  From  the  point  of  view 
at  a  radar  designer,  *he  data  to  follow  provide  the  most  conservative  (worst  case)  esti¬ 
mates  of  sea  clatter  tor  the  stated  surface  conditions.  These  conditions  are  gross 
estimates  of  wind  vel  city  and  wave  height  made  by  observers  aboard  the  Peacock  at 
various  Intervals  th.’  ughout  the  day.  The  estimates  are  listed  in  Table  2  for  the  July 
1965  flights  in  sui  o»  <  er  approximating  decreasing  roughness.  The  scaue  ranges  from 
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Tabl«  2 


Date 

Location 

Wind 

Velocity 

(knots) 

Wave 

Height 

(feet) 

Angles 

Sampled 

(degrees) 

Qualitative 

Observations 

July  15.  1965 

10  mi  N.  W. 

15-20 

4-5 

4-20 

Rain 

San  Juan 

10-15 

3-5 

30-90 

Rain 

July  If,  1965 

15  mi  N.W. 

10-12 

3-4 

4-45 

San  Juan 

10-15 

3-4 

70-90 

July  23,  1965 

20  ml  N.  W. 

8-10 

2-3 

30-60 

Sea  "choppy" 

San  Juan 

8-12 

4-6 

4-20,  70-90 

white  caps 

July  22,  1965 

20  mi  N.  W. 

10-12 

5-7 

4-60 

San  Juar 

10-12 

3-4 

70-90 

5- 8- ft  swells 

July  16,  1965 

10  mi  N.  W. 

10-12 

2-2.5 

4-15 

San  Juan 

7-8 

2-3 

20,  30 

8-10 

3-4 

45-90 

15-18 

3-4 

80 

Rain  squall 

July  21,  1965 

20  mi  N.W. 

8-11 

4-6 

4  in  X  and 

San  Juan 

C;  10  in  L 

and  P 

8-11 

3-5 

10-90 

Gusts  to  12 

July  20,  1965  15  mi  N.W. 

San  Juan 


July  29,  1965  off 

Mayaguez 

July  27,  1965  off 

Mayaguez 

July  28,  1965  off 

Mayaguez 

July  27,  1965  off 

Mayaguez 

50  ml  east  of 
Atlantic  City, 
N.  J. 


7-9  2-3 

10-12  2-3 

10-12  2-3 

1-2  1-2 

1-2  1-2 

2-15  2-3 


0.  5-1 

1-2  and  4-5 
0.  5-1 


5-45 
60-90 
4  (cross- 
wind  only) 


4-15 
15-66 
60-  90 

4-18,  60-90 
4,  34 


White  caps 

"Confused" 

sea-squall 

2-ft  swells 
Rain  squall 

Natural  slicks 


Well- 

developed  sea' 
Natural  slicks 


Dec  9,  1964 
Dec  10,  1964 


4 


2-4 


5-90 
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moderately  rou^h  condition*1  of  op  to  20-knot  winds  and  5-  to  7- foot  wave  heights  to 
natural  slick  conditions  observable  on  July  27,  1965.  Also  included  in  Table  2  are 
references  to  December  1964  data  published  previously  (10).  Some  of  those  results 
are  also  included  beiow. 


TIM  ( at  COSOS) 


Pig.  4  -  Sample  median  plot.  Run  170  was  made  on  July  29,  1965  with 
S  a  20  degree*,  polarization  *  W,  and  frequency  3  X. 

As  is  well  known,  the  behavior  of  o0  with  the  angle  generally  depends  on  the  angular 
region  in  question.  Early  investigations  showed  that  at  small  angles  there  Is  a  "critical" 
angle  below  which  <jQ  decreases  rapidly  with  the  angle.  At  angles  higher  than  die  criti¬ 
cal  angle,  o0  Increases  slowly  until  a  high  angle  region  is  reached,  alter  which  a0  in¬ 
creases  rapidly  to  its  maximum  value  at  90  degrees.  The  three  angular  domains  may 
simply  be  called  the  low-,  medium-,  and  high-angle  regions  or,  more  usually,  the  Inter¬ 
ference,  plateau,  and  specular  regions,  Indicating  die  physical  phenomena  present 
Katz  In  (11)  explained  the  existence  erf  the  critical  angle  in  terms  of  interference  between 
the  direct  and  reflected  ray  from  the  surface-scattering  element  From  the  interference 
mechanism  he  deduced  that  the  critical  angle  is  a  function  of  polarization  and  that  it 
increases  with  radar  wavelength  and  decreases  as  sea  roughness  increases  (2).  To  ex¬ 
plain  the  plateau-region  behavior  of  o3,  Katz  in  hypothesized  the  existence  of  scattering 
elements  or  "facets. "  The  wavelength  dependence  cf  o0  Is  then  determined  by  the  size 
dtstrftmtion  erf  the  facets,  and  the  angular  variation  of  o0  is  determined  by  the  slope  dis¬ 
tribution  of  the  facets.  This  model  accounts  for  scattering  in  the  three  angular  regions 
ami  predicts  the  same  frequency  dependence  of  o0  at  high  angles  as  at  low  angles. 

More  recently,  the  slightly  rough  scattering  theory  formulated  by  Rice  (12)  has 
been  applied  to  a  sea-clutter  model,  hi  this  theory,  the  scattering  elements  are  surface 
Irregularities  which  are  small  compared  to  the  radar  wavelength.  Peake  (13)  applied 
the  theory  to  the  electromagnetic  backs catter  case,  and  Wright  (14)  developed  a  rough 
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surface  mode!  la  which  the  scattering  elements  are  slightly  rough  particles  of  water 
riding  on  longer  gravity  waves.  Predictions  based  on  this  model  lave  resulted  in  good 

agreement  with  measured  values  of  o0  for  vertical  polarization.  Valenzuela  (15)  ex¬ 
tended  the  theory  to  second  order  to  show  how  the  tilt  of  the  rough  patches  with  respect 
to  normal  incidences  produces  polarization  effects.  The  slightly  rough  theory  directly 
relates  the  radar  return  to  the  energy  spectra  of  the  surface.  The  predicted  wavelength 
dependence  of  j0  will  then  depend  on  the  form  of  this  spectrum. 


DEPENDENCE  OF  <r0  ON  INCIDENT  ANGLE 

fa  accordance  with  the  introduction  outlined  above,  curves  of  o0  versus  incident 
angle  for  each  surface  condition  encountered  are  given  in  Figs.  5  to  10  for  all  wave¬ 
lengths.  The  curves  are  grouped  by  polarization  and  are  presented  in  approximate 
order  of  decreasing  sea  roughness.  Note  that  July  27,  1965,  is  given  by  two  curves  on 
each  polarization.  This  is  due  to  the  presence  on  the  surface  of  natural  slick  areas. 
With  the  help  at  the  c.t-site  oceanographic  observations,  it  was  possible  to  discriminate 
between  two  essentia 'iy  different  aroas  referred  to  on  the  plots  (Figs.  7  and  10)  as 
"rough"  and  "calm. "  The  rougher  area  on  July  27,  1965,  is  associated  with  the  con¬ 
ditions  listed  in  Table  2.  The  calmer  area  is  a  mixture  of  rough  and  calm  patches  on 
the  surface.  ' 

The  critical  angle  is  not  well  defined  by  the  curves  because  the  clutter  was  sampled 
at  discrete  angles..  However,  some  qualitative  observations  are  possible.  On  vertical 
polarization,  the  critical  angle  is  less  dan  10  degrees  for  all  wavelengths  and  approxi¬ 
mately  independent  of  sea  conditions.  On  horizontal  polarization,  the  angle  increases 
with  increasing  wavelength  and  occasionally  vanishes  for  the  P  band  on  the  calmer  days. 

H  is  also  apparent  in  the  long  wavelengths  that  the  critical  angle  increases  with 
surface  roughness.  These  results  are  in  accord  with  what  is  expected  cm  the  basis  of 
die  interference  phenomenon;  further  discussion  may  be  found  in  die  literature  (2, 16). 

fa  the  specular  region,  cr0  increases  rapidly  with  angle  to  its  maximum  at  a  90- 
degree  Incidence.  Comparison  of  the  calm  conditions  with  the  rougher  conditions  shows 
the  general  tendency  of  <r0  at  90  degrees  to  decrease  with  increasing  roughness.  How¬ 
ever,  the  trend  is  not  uniform  for  each  wavelength,  as  study  of  Figs.  5  to  10  will  show. 
Q  has  been  suggested  by  Parks  (17)  that  o,,  at  vortical  incidence  may  be  a  function  of 
range,  illuminated  area,  *nd  antenna  gain.  It  is  believed  that  future  NRL  work  will 
acquire  more  data  at  vertical  incidence  in  the  hope  of  verifying  cam  of  the  existing  mod¬ 
els  for  the  90-degree  case. 


DEPENDENCE  OF  SEA  CLUTTER  ON  SEA  STATE 

To  estimate  the  effect  of  sea  condition  on  the  cross  section  a9,  it  is  necessary  to 
select  surface  parameters  which  will  reflect  increajiig  surface  roughness.  The  gross 
measurements  of  wind  velocity  and  wave  height  as  given  in  Table  2  will  be  used  as 
descriptors  of  the  sea  roughness.  Figures  11  and  12  show  <r0  as  a  function  of  average 
wind  velocity  and  wave  height  for  two  angles  (20  and  30  degrees)  in  the  plateau  region. 
For  horizontal  polarization,  the  more  uniform  increase  of  o0  with  wind  rather  than  wave 
height  indicates  that  this  polarization  is  more  sensitive  to  wind  velocity.  The  plot  oQ 
versus  wave  height  in  Fig.  11  shows  peaks  which  correspond  to  higher  wind  velocity. 

On  vertical  polarization,  the  return  appears  less  sensitive  to  surface  changes  until 
calmer  conditions  are  reached. 


►  Q  * 
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?  parameters  for  d  =  20  degrees 


4  «  9  10  « 


8  m  20  2  4 

HMD  VCIjOCJTY  (KNOT'S) 


a 


Fig.  12  -  <7#vi  surface  parameters  for  $  ■*  30  degrees 


24 


DALE Y,  RANSONE,  BURKETT.  AND  DUNCAN 


Th«  ;<  irnlsngth  dependence  of  c0  appear*  to  be  a  function  at  the  polarization.  On 
horizcotU  .  ^rirsilu*.  the  trend  la  approximated  by  cr0(X)  >  a0(C)  >  (L)  >  a0 (P),  whili 

'  frr  verti L*u  polarization  this  trend  la  absent.  On  vertical  polarization  the  longer  wave¬ 
lengths  produce  a  substantially  larger  return  at  calmer  sea  states. 


DEPENDENCE  OF  SEA  CLUTTER  ON  POLARIZATION 

The  relationship  of  oq  to  polarization  ia  conveniently  expressed  by  the  direct  polari¬ 
sation  ratio  (j»  (W)/<y0  (EK)  simply  calculated  in  decibels  by  a0  (W)  -  o^(HH).  Figures 
M  to  15  are  plots  of  this  parameter  versus  incident  angle  for  each  sea  condition.  The 
ratio  is  a  function  ct  incident  angle,  having  a  tendency  to  decrease  at  grazing  and  high- 
angle  regions,  ft  is  also  apparent  that  in  the  plateau  region  the  polarization  ratio  is 
directly  proportional  to  wavelength  and  inversely  proportional  to  roughness.  Figure 
16  depicts  Oils  trend  to  polarization  independence  (0-dB  ratio)  as  surface  roughness 
Increases.  The  downward  trend  on  the  X  and  C  bands  la  seen  to  be  more  uniform  as  a 
function  of  wind  velocity,  Indicating  that  this  la  the  controlling  factor  for  short  wave¬ 
lengths.  The  long  wavelengths  still  show  significant  values  for  the  roughest  conditions 
encountered.  For  comparison  purposes,  a  curve  of  W/HH  versus  angle  was  computed 
for  each  wavelength  representing  the  average  of  the  four  roughest  days  measured  at 
Puerto  Rica  Figure  17  gives  this  curve  and  compares  it  with  data  for  rough  and 
calmer  conditions.  This  plot  shows  the  decrease  with  surface  roughness  and  a  tend¬ 
ency  to  slightly  negative  values  in  die  70-  to  90-degree  region.  In  general,  the  data 
of  Fig.  17  are  In  good  agreement  with  past  results  (18, 19). 

DEPENDENCE  OF  SEA  CLUTTER  ON  WAVELENGTH 

On  vertical  polarization,  there  Is  not  a  significant  difference  between  wavelengths 
for  the  rougher  sea  conditions.  To  reduce  die  statistical  scatter  inherent  In  each 
measurement,  averages  of  the  o0  versus  angle  curves  were  calculated  for  the  four 
roughest  conditions,  the  four  next  roughest  conditions,  and  the  four  calmest  conditions. 
The  results  are  given  in  Figs.  18  and  19.  The  graphs  in  Fig.  18  clearly  indicate  that 
<r0  is  independent  of  wavelength  for  vertical  polarization  in  the  plateau  region  for  the 
two  roughest  sea  conditions.  The  scatter  between  points  is  no  more  than  would  be  ex¬ 
pected  due  to  wind  variations.  The  calmest  days,  however,  show  smaller  values  of 
a0  for  the  short  wavelengths  and  reflect  the  presence  of  natural  slick  areas. 

The  corresponding  averages  for  horizontal  polarization  are  plotted  in  Fig.  19.  A 
defir  it  e  trend  is  observable  on  horizontal  polarization,  the  short  wavelengths  being 
consistently  higher  in  the  plateau  region.  A  median  curve  drawn  through  the  plotted 
points  effectively  separates  the  X-  and  C-b»nd  values  from  the  L-  and  P-band  values. 

The  plot  of  the  calmer  condition  also  indicates  the  critical-angle  dependence,  as  L  and 
P  decrease  more  rapidly  with  angle  and  are  no  long?'  measurable  at  4  degrees. 

Included  in  Figs.  18  and  19  are  the  theoretical  curves  predicted  from  slightly  rough 
scattering  theory.  The  theory  assumes  a  fully  developed  sea  with  a  Phillips-Burling 
energy  spectrum  and  provides  good  agreement  with  the  vertically  polarized  return.  A 
reploi  of  the  averaged  o„  in  Figs.  18  and  19,  as  a  function  of  angle  in  Fig.  £0,  shows  tha 
the  wavelength  dependence  is  maintained  over  the  plateau  and  specular  regions,  a  result 
predicted  by  the  facet  model. 


Best  Available 


NRL  REPORT  M06  35 


Table  3 

Variation  of  Receiver  Stability  Level 


Data 

Receiver 

Variation  (Stability)  (dB) 

TH 

"*H 

m 

CH 

H 

a 

PH 

July  15 

*1 

*3 

*1 

*i 

*1.5 

EM 

July  14 

*0.5 

*0. 

5 

*0.5 

*0.5 

*0.5 

*L5 

Mg 

July  19 

*i 

*0. 

5 

*2 

*1 

*1 

*i 

*1 

E9 

July  20 

*0.25 

*0. 

25 

*0. 25 

*0.25 

*0.25 

*0. 25 

*0.5 

*2 

July  21 

*0.5 

*0. 

5 

±1 

*0.5 

*0.5 

*0.5 

*0.5 

±0.5 

July  22 

*1 

*0. 

5 

*1 

*0.25 

*0. 25 

*0.5 

*0.5 

*1 

July  23 

*0.5 

*0. 

5 

*0.5 

*0.5 

*0.5 

*0.5 

*3 

*0.5 

July  27 

*0.5 

*0. 

5 

*0.5 

*1 

*1 

*0.5 

*2  • 

*2 

July  23 

— 

*0. 

5 

*0.5 

— 

*1 

*0.25 

— 

- 

July  29 

*0.5 

Ej 

*0.5 

*0.5 

*0.5 

*0.5 

*0.5 

*0.5 

Dec  9 

*1 

Mi 

*1 

— 

—  ■ 

- 

-■ 

Dec  10 

*1 

E 

*1 

— 

- 

— 

- 

...T _ 

SYSTEM  LIMITATIONS 

There  are  two  basic  errors  in  tht«  ’measurement  system:  (a)  receiver  stability  and 
(b)  the  measurement  of  the  sphere.  Hie  receiver  stability  is  monitored  by  recording  an 
arbitrary  reference  level  periodically  through  the  day.  The  variation  of  this  level  is 
given  (in  decibels)  in  Table  3  for  all  components  on  each  flight  The  table  shows  that  the 
receiving  system  is  essentially  steady.  The  sphere  measurement  possesses  an  uncer¬ 
tainty  due  to  the  variation  of  illumination  of  the  sphere  signal  in  the  center  of  the  beam. 

This  uncertainty  is  minimized  by  recording  several  spheres  on  each  frequency  and  is  believe 
believed  to  be  within  0  to  2  dB.  When  this  uncertainty  is  combined  with  the  statistical 
scatter  of  the  sphere  return  around  a  range-4  slope,  the  result  is  an  estimate  of  the 
limits  of  error  of  the  sphere  measurement  (i.e.,  the  absolute  calibration).  These  esti¬ 
mates  are  listed  for  each  component  in  Table  4. 

However,  the  parameter  under  consideration  determines  which  of  (he  two  basic 
errors  (or  both)  are  present.  An  absolute  value  of  o0  for  a  given  component  would  in¬ 
volve  both  sources  of  error.  However,  a  polarization  ratio  would  essentially  cancel  the 
sphere  uncertainty  as  would  frequency  ratios  of  L/P  or  X/C,  since  the  sphere  measure¬ 
ments  are  made  simultaneous!,  on  each  ti  equency  pair.  In  view  of  the  scatter  inherent 
in  any  measurement  of  cr0  due  simply  to  the  nonstationary  character  of  die  sea  surface, 
it  is  believed  that  the  system  accuracy  represented  in  Tables  3  and  4  is  sufficient  to 
support  the  conclusions  drawn  in  this  report. 
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Table  4 


Estimates  of  the  Limits  of  Sphere  Measurement  Error 


Date 

Sphere  Measurement  Error  j 

XV 

xH 

Cv 

CH 

w 

% 

PH 

July  15 

±1 

None 

±1 

±1 

±1 

±1 

a 

±1 

July  18 

±1 

None 

±1 

±1 

±1 

±1.5 

±i 

±1 

July  19 

*1 

±1 

±1 

±1 

±1 

±i 

±1 

July  20 

±1 

±1 

±1 

*1 

±1.5 

±1 

±i 

±1.5 

July  21 

±1.5 

±1.5 

±1 

±1 

±1 

±1 

±i 

±1 

July  22 

±2 

±1 

±1 

±1 

±1.5 

±2 

±i 

±1 

July  23 

±1 

±1.5 

±1 

±1 

±1 

±1 

±i 

±1 

July  27 

±1 

±1 

±1 

±1 

±1 

±1.5 

±i 

±1 

July  28 

None 

±1 

±1 

None 

±1.5 

±1.5 

None 

None 

July  29 

±2 

±2 

±2.5 

±1 

±1.5 

±1.5 

±1.5 

±1.5 

Dec  9 

±1 

±1 

±1 

None 

Dec  10 

±1 

±1 

±1 

None 

CONCLUSIONS 

The  initial  processing  and  analysis  of  radar  backscatter  data,  recorded  off  the  coast 
of  Puerto  Rico  in  July  1965,  have  been  completed  at  NRL.  Radar  returns  were  collected 
nearly  simultaneously  on  four  frequencies  on  both  linear  and  cross  polarizations.  The 
data  were  processed  to  obtain  the  normalized  radar  cross  section  of  the  sea  surface 
as  a  function  of  various  parameters.  The  study  of  the  behavior  of  the  median  value  of 
o„  as  a  function  of  the  radar  parameters  and  the  sea  conditions  resulted  In  the  following 
conclusions: 

1.  The  critical  angle  appears  to  be  independent  of  sea  con  dittoes  and  radar  wave¬ 
length  for  vertical  polarization  but  is  a  function  of  both  for  horizontal  polarization. 

2.  The  value  of  ct0  increases  with  wind  velocity  and  wave  height,  with  the  hori¬ 
zontal  polarization  case  being  more  sensitive  to  wind  velocity. 

3.  The  polarization  ratio  decreases  with  increasing  surface  roughness  and  is  a 
function  of  wavelength. 

4.  As  surface  roughness  increases,  the  value  of  og  becomes  Independent  of  wave¬ 
length  for  vertical  polarization  but  maintains  an  inverse  wavelength  dependence  (r‘  - 
X“a)  for  horizontal  polarization. 
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Ai'.'  A  the  K"  \  conditions  covered  by  the  above  data  are  present  roughly  60%  of  the 
ins  c  r  all  re ghsoa  o i  tire  world,  there  Is  reason  to  measure  the  behavior  of  sea  clutter 
for  rougher  surface  conditions.  Present  theory  indicates  that  wind  relations  will  vanish, 
dv  n  r  rL  it’cri  ratio  will  approach  unity  on  all  frequencies,  ard  the  value  of  e0  in  the 
p\tua  r  egion  will  approach  a  eataration  point.  It  is  most  desirable  to  insure  tliat  the 
worst-case  clutter  conditions  have  been  determined.  The  collection  at  clutter  data  at 
tV*  K-*e«t  sea  states  will  be  attempted  in  January  and  February  1969  in  the 

Nor  til  Ativans  Ocean  by  the  NRL  Wave  Propagation  Branch. 
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-  y  The  initial  processing  and  analysis  of  radar  backacatter  data,  recorded  off  the  coast  of 
San  Juan,  Puerto  Rico,  In  July  1965,  have  been  completed.^  This  data  constituted  part  of  a  study| 
conducted  in  conjunction  with  the  Applied  Physics  Laboratory  (A PL)  of  Johns  Hopkins  University 
to  determine  the  scattering  mechanism  Involved  in  the  generation  of  sea  clutter.  Hie  NRL  WV-2j 
instrumented  aircraft  with  its  four -frequency,  pulsed  radar  system  and  a  surface  vessel 
equipped  and  staffed  by  APL  to  gather  sea-surface  data  in  the  form  of  stereo  photographs  and 
wave-buoy  measurements  were  used  in  this  experiment. 

-iRadar  returns  were  collected  nearly  simultaneously  on  four  frequencies;  428  MHz,  1228 
MHz,  4455  MHz,  8910  MHz,  for  both  linear  and  cross  polarizations.  The  data  were  processed 
to  obtain  the  normalized  radar  cross  seci.ion^;of  the  sea  surface  as  a  function  of  various 
parameters,  to  particular,  the  behavior  of  tfe  median  value  of  the  cross  section ^t^was  in¬ 
vestigated  as  a  function  of  wind  direction.  Incident  angle,  polarization,  radar  wavelength,  and 
gross  surface  conditions  of  wind  velocity  and  wave  height.  Results  are  given  for  the  upwind 
direction  and  the  linear  polarization  (vertical  and  horizontal).  The  polarization  ratio  is  shown 
to  decrease  with  increasing  sea  roughness  and  to  be  a  function  of  redar  wavelength.  As  surface 
roughness  increases,  becomes  independent  of  wavelength  for  vertical  polarization  but  main¬ 
tains  an  inverse  wavelength  dependence  for  horizontal  polarization.  The  results  given  provide 
estimates  of  as  a  function  of  the  above  parameters  over  an  angular  range  of  -4  to  90  degrees 
(vertical  incidence)  and  from  calm  sea  conditions  to  moderately  rough  conditions  characterized 
by  5-  to  7-foot  wave  heights  and  10-  to  20-knot  wlnd3.  '"“~ 
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